Abstract This paper reports on an experiment designed to test electromagnetic (EM) attenuation by radio-frequency (RF) plasma for cavity structures. A plasma reactor, in the shape of a hollow cylinder, filled with argon gas at low pressure, driven by a RF power source, was produced by wave-transmitting material. The detailed attenuations of EM waves were investigated under different conditions: the incident frequency is 1-4 GHz, the RF power supply is 13.56 MHz and 1.6-3 kW, and the argon pressure is 75-200 Pa. The experimental results indicate that 5-15 dB return loss can be obtained. From a first estimation, the electron density in the experiment is approximately (1.5-2.2)×10 16 m −3 and the collision frequency is about 11-30 GHz. The return loss of EM waves was calculated using a finite-difference time-domain (FDTD) method and it was found that it has a similar development with measurement. It can be confirmed that RF plasma is useful in the stealth of cavity structures such as jet-engine inlet.
Introduction
Radar cross section (RCS) reduction is one of the most challenging problems in modern extensive military applications. Among the various contributors to the RCS, measurements have shown that the jet-engine inlets have a very significant impact on the overall signature of the airframe structures [1] . As a result, in recent years, numerous studies have been carried out on the "stealth" (low-observable) of jet-engine inlets. Modern stealth airplanes focus almost entirely on their geometrical shape [2, 3] or radar absorbing materials (RAM) [4, 5] . The "S"-shaped inlet has been applied to some widely known military aircrafts. Ji et al. [3] tested the stealth ability of the S-shaped inlet and obtained about 10 dB attenuation for 10 GHz EM wave. However, as the shape of the jet-engine inlet is changing, adverse effects will be brought to the aerodynamic behavior and characteristic of aircraft. The coatings of RAM to reduce internal scattering has been demonstrated successfully for cavity structures [4] . Mei et al. [6] and Odendaal et al. [4] have investigated the internal scattering from absorber-coated cavities. The measured data present that there is 5-10 dB RCS reduction for 10-14 GHz EM waves. However, RAM is very expensive and must be coated after each flight for their poor adhesion.
Both of the S-shaped inlet and the RAM coatings have an unsatisfactory stealth capability for L-band (1-2 GHz) waves. However, EM attenuation can be significant by applying plasma [7, 8] . In Ref. [7] , we have calculated the EM attenuations vs. incident angles of EM waves using the FDTD method. It was found that if EM signals hit the metal cavity at a front angle, the signals will be reflected back to the source along the central axis of the cavity. However, if EM signals hit the cavity at an oblique angle, the constructive and destructive interference between the combined wavefronts produces interference fringes, consequently only a few EM signals will go back to the position of the source. So the front angle is thought to be the most significant aspect of RCS. In Ref. [8] , we have done the comparison of EM attenuations between plasma-covered metal plate and plasma-covered metal cavity. Their values of return losses are extreme: the former is less than 4 dB, while the latter reaches as large as 25 dB. Multiple re-flections of EM signals among the inner walls of the cavity increase the absorption by plasma.
The aim of the present paper is to produce a desired plasma-covered cavity using RF discharge and offer experimental evidences of plasma stealth for the jet-engine inlet. For this purpose, a plasma reactor, with a shape of hollow cylinder, was produced by wavetransmitting material. The reactor was filled with argon gas at low pressure and driven by a RF power source. When RF power is activated, the gas in the reactor will be discharged. The plasma limited within the reactor has the same shape of a hollow cylinder. EM attenuation of 1-4 GHz waves were measured at a RF power of 1.6-3 kW and an argon pressure of 75-200 Pa. Then, both of the electron density vs. RF power and the collision frequency vs. argon pressure were estimated. Finally, the return loss of EM waves was calculated using the FDTD method for the comparison to measurement. The schematic diagram of experimental settings is shown in Fig. 1 . It consists of two parts: a plasma generator and EM attenuation measurement. In plasma generator settings, a hollow cylinder shaped plasma reactor (45 cm inner diameter, 55 cm outer diameter, and 120 cm length) was driven by a 13.56 MHz, 1.6-3 kW RF-power through an L-type matching network. The pure argon was investigated under pressures from 75 Pa to 200 Pa. The outer wall of the reactor was surrounded by a thin metal plate, which reflected EM waves totally.
Experiment

Experimental setup
In the EM attenuation measurement system, input signals in the frequencies from 1 GHz to 4 GHz were generated by a Wiltron68347B synthesized signal generator. An Agilent8563EC spectrum analyzer was employed to receive these signals. Two horns were employed. Horn A, regarded as an EM signal source away from the cavity, was positioned about 428 cm apart from the left open end of the cavity. While Horn B, modeled as an EM reflector at the end of the cavity, was positioned about 5 cm apart from the other open end. To measure the EM attenuation inside the cavity, the experiment was separated into two steps as follows:
(1) signals transmitted from Horn A and received by Horn B; (2) signals transmitted from Horn B and received by Horn A. In this way, only the input signals along the central axis were received, so that the impacts from outer space of the cavity can be neglected. The whole measurement was controlled by a computer through two electro-optical converters. The powers of received signals were finally presented in a desired format by the computer.
Simplified model for measuring and
calculating return loss by covered plasma Fig. 2(a) and (b) show the propagation directions of EM waves in experiment and simulation respectively. The simulation model is not as directly applicable as the measurement. Fig. 2(a) shows an open system for removing the effect of scattering at the outer wall of the metal cavity; however, the model in Fig. 2(b) is closer to the actual cavity structure and we use the return loss in this model to describe the two-pass attenuation. Fig.2 Propagation directions of EM waves: (a) measurement was separated in two steps, the measured EM attenuation is ∆P1 at step (1) and is ∆P2 at step (2), (b) in simulation, the model is closer to the actual cavity structure. The return loss under this model was used to describe two-pass attenuation of EM waves
In measurement, the EM attenuations can be recognized by comparing OFF-plasma with ON-plasma. When the plasma was excited, parts of the powers of the signal were attenuated by the plasma before being received. The values of attenuation can be deduced by:
where P ON (dBm) and P OFF (dBm) are the received powers under ON-plasma and OFF-plasma respectively. Supposing that the measured EM attenuation was ∆P 1 at step (1) and was ∆P 2 at step (2), the corresponding return loss can be approximated as:
According to Ref. [7] , the error of Eq. (2) is about 2%. ATT can also be described by a percentage as follows: Fig.3 Received powers of EM waves without and with plasma at 100 Pa: (a) step 1) and (b) step 2). Three values of RF powers were employed: 1.6 kW, 2 kW, and 3 kW Fig. 3(a) and (b) show the measured received powers in steps (1) and (2) respectively, with a given gas pressure of 100 Pa. Three values of RF power were employed: 1.6 kW, 2 kW, and 3 kW. Fig. 4 According to Eq. (2), the values of return loss in the experiment were calculated as shown in Fig. 5 . Fig.4 Received powers of the EM waves without and with plasma at 3 kW: (a) step (1) and (b) step (2) . Three values of gas pressures were employed: 75 Pa, 150 Pa, and 200 Pa The propagating behaviors of EM wave are significantly influenced by the following parameters: the electron number density n e and the electrons-neutrals collision frequency ν e . For achieving parameters of experimental plasma, a simplified calculated model was employed: n e is dependent on the power of the supply source [9] and ν e is defined by the gas species and pressures [10] . Even though this model is not particularly accurate in an absolute sense, it provides a simple first estimation of plasma parameters.
Measurement results
An approximation for the power per unit volume sustaining a plasma is [9] 
where P plasma is the power (sustaining a plasma). V is the plasma volume. E i is the energy to generate an electron-ion pair and its value is approximately 26.2 eV for Ar [9] . k is a recombination rate constant defined by the gas species; its value is k=9.1×10 −13 m 3 /s for Ar [9] . In our experiment, the plasma can be regarded as a medium whose y-dependent electron density is assumed as [7] n e (y) = n e0
where n e0 is the maximal electron density at the center of the plasma. J 0 (y) is the Bessel function of the zeroth order. h is the thickness of plasma. The collision frequency, which is a function of gas pressure p (in Torr) and electron temperature T e , can be expressed as follows [10, 11] 
where f (T e ) is determined by T e . Its values can be found in Ref. [10] . Fig. 6 (a) and (b) show the estimation of the plasma parameters, assuming that 10% of the RF power was used to sustain experimental plasma and T e = 5 eV for argon discharge plasma. These parameters are close to those mentioned in Refs. [11] [12] [13] . 
Analysis of the EM attenuation by plasma
The return loss of EM wave was calculated by using the FDTD method [7, 8] . The calculated plasma was modeled with the same dimensions as discussed in the experiment (Fig. 1) . The comparison between measurement and calculation was demonstrated in Fig. 7 . The complex experimental plasma profile caused difficulty in constructing accurate models of the density close to the measurements. We have provided a simple first estimation of plasma parameters and found a similar developmental tendency. With a higher RF power, the return loss will be more significant. An explanation is that a higher source power will lead to more gas being discharged, consequently more electrons run away with the argon atom and take part in absorbing EM energy. A lower gas pressure is in favor of EM attenuation. An explanation is that the high pressure makes the electrons happen to be collided before absorbing any EM energy. With the power of 3 kW and the argon pressure of 100 Pa, a 5-10 dB return loss can be obtained for 1-3 GHz waves. The best attenuation presents at 2.3 GHz in the experiment, but at 2.5 GHz in calculation. The calculation results are not in full agreement with the measurement, but both provide evidence that >5 dB attenuation can be obtained in the 1-3 GHz band at 3 kW power and ∼100 Pa pressure.
Conclusion
This letter mainly addresses the potential application of the plasma stealth for the jet-engine inlet of military airplanes. In conclusion, the return loss is remarkable for the cavity structure whose inner wall was covered by plasma.
The experimental studies show that the plasma can attenuate 1-3 GHz EM waves at a RF power of 1.6-3 kW and an argon pressure of 75-200 Pa. The return loss can reach 5-15 dB for the EM waves in the frequencies from 1 GHz to 4 GHz. From the first estimation, the electron density is approximately (1.5-2.2)×10 16 m −3 and the collision frequency is about 11-30 GHz. From the calculation, a similar development can be clearly recognized. It is feasible and the validity of the plasma stealth for the cavity structures is proved. The studies provide evidence that plasma stealth can be used in a jet-engine inlet.
